Background {#Sec1}
==========

Highly abundant rare earth elements, such as La and Ce, have been used to fabricate rare earth permanent magnets for the purposes of reducing costs and conserving usage of rare earth resources \[[@CR1]--[@CR5]\]. Nevertheless, the permanent magnets with high concentrations of La and Ce exhibit significantly degraded performance because the magnetocrystalline anisotropy of the 2:14:1 phases La~2~Fe~14~B and Ce~2~Fe~14~B is much lower than for their Nd~2~Fe~14~B counterpart \[[@CR6]\]. So far, most work has been focused on the substitution of La and Ce for Nd in Nd-Fe-B-based magnets \[[@CR7]--[@CR14]\]. The performance of these permanent magnets can be much enhanced through adjusting the microstructure. In addition, it has been widely reported that doping with heavy rare earth elements (Dy or Tb) is a highly useful way to improve the magnetic performance \[[@CR15], [@CR16]\], for example, by enhancing the coercivity and thermal stability. It was reported that both the coercivity and the thermal stability of Nd~2~Fe~14~B-type magnets can be enhanced through doping with Dy~70~Cu~30~ \[[@CR17], [@CR18]\] or Dy~80~Al~20~ \[[@CR19]\]. The increase in the coercivity was 4.4 kOe and 9.0 kOe for the 2 wt.% Dy~70~Cu~30~ \[[@CR18]\] and 4 wt.% Dy~80~Al~20~ \[[@CR19]\] samples, respectively. As is well known, these heavy rare earth alloys are much more expensive. Thus, the cost advantages of La-Ce-Fe-B-based permanent magnets could be diminished if pure heavy rare earth metals or alloys were selected as dopants. Therefore, it would be worthwhile to find a route to match the enhancing effects of the pure heavy rare earth metals or alloys by using low-price compounds of heavy rare earth elements (Dy or Tb), for example, in the form of oxides. In fact, the addition of oxides could be helpful for improving the high frequency behavior of the magnets due to their high resistivity.

Recently, the reduction-diffusion process through Ca reduction of the rare earth oxides has been widely investigated to fabricate high-performance rare earth permanent magnets, such as Nd~2~Fe~14~B- and Sm~2~Fe~17~N~*x*~ *-*based magnets \[[@CR20], [@CR21]\]. In this work, a cheap industrial rare earth alloy (RE~100~ = La~30.6~Ce~50.2~Pr~6.4~Nd~12.8~) with a high amount of the abundant elements was adopted as the source material. Dy~2~O~3~ was utilized as the precursor of the heavy rare earth element Dy to improve the magnetic performance rather than the expensive pure heavy rare earths or their metallic alloys \[[@CR15]--[@CR19]\]. Furthermore, Ca was also co-doped to promote the beneficial effects of Dy~2~O~3~ through the reducing reaction between Dy~2~O~3~ and Ca. A coercivity as high as 11.43 kOe was achieved for the magnets with a concentration of the abundant rare earth elements La and Ce that was higher than 80 at.%. This work suggests a facile way of making use of the Ca-reducing effect to strengthen the enhancement of the magnetic properties of rare earth permanent magnets by the use of rare earth oxides.

Methods {#Sec2}
=======

An industrial rare earth (RE) alloy with abundant La and Ce (RE~100~ = La~30.6~Ce~50.2~Pr~6.4~Nd~12.8~, 99.5 wt.%, denoted as RE in this work), iron (99.9 wt.%), and iron-boron alloy (99.5 wt.%) with the nominal composition of RE~13.6~Fe~78.4~B~8~ were arc melted. The melted alloy was smashed into powder. In a high-purity argon-filled glove box, the powders were sealed in a hardened steel vial containing steel balls 12 mm diameter, with the powder-ball mass ratio of 1:16. Dy~2~O~3~ and Ca powders with a particle size of about 100 μm were added. Ball milling was performed using a high-energy ball mill with a rotation speed of 700 rpm for 5 h. In order to investigate the effects of the Dy~2~O~3~ and Ca dopants on the magnetic properties, 2.3 wt.% Ca (sample denoted as MC), 3 wt.% Dy~2~O~3~ (sample denoted as M3D), 7 wt.% Dy~2~O~3~ (sample denoted as M7D), and the co-dopants 2.3 wt.% Ca and 7 wt.% Dy~2~O~3~ (sample denoted as M7 DC) were, respectively, added before milling. The pure RE-Fe-B sample without the dopant was denoted as RM. Subsequently, the milled powders were annealed at 620--780 °C for 10 min in a vacuum environment (better than 1.3 × 10^−3^ Pa). The phase components were analyzed with an MSAL-XD2 mode X-ray diffraction instrument (Cu-Kα, *λ* = 0.15406 nm). Hysteresis loops were measured using a LakeShore 7404 Model vibrating sample magnetometer (VSM) at room temperature, for which the sample powder was solidified into a cylinder 2 mm in diameter and 4 mm in length with epoxy resin, and the results were corrected by using an experimentally determined demagnetization factor of 0.28 \[[@CR22]\]. Magnetic performances at low and high temperature were characterized by a Quantum Design Versa-lab and DynaCool physical properties measurement system (PPMS). A JEM-2100F transmission electron microscope (TEM) was used to carry out the microstructural observations.

Results and Discussion {#Sec3}
======================

The samples annealed at 700 °C were selected to characterize the phase constituents. Figure [1](#Fig1){ref-type="fig"} presents the X-ray diffraction (XRD) patterns of the annealed samples. All the samples mainly consisted of RE~2~Fe~14~B matrix phases \[[@CR5], [@CR6]\]. Slow scanning from 37° to 45° was performed to study the lattice variations after doping with Dy~2~O~3~ and Ca, as shown in Fig. [1b](#Fig1){ref-type="fig"}. The lattice parameters, *a* and *c*, and the cell volume (Fig. [1c](#Fig1){ref-type="fig"}) were evaluated by Jade software in terms of the XRD patterns of Fig. [1b](#Fig1){ref-type="fig"}. The results indicated that the Ca, as a single dopant, caused obvious shrinkage of the 2:14:1 phase crystal cell, indicating the substitution of Ca for the rare earth elements, since the Ca metallic radius is much larger than the value for Fe \[[@CR23]\]. The Dy~2~O~3~ dopant caused shrinkage of the crystal cells, too, suggesting Dy entrance into the 2:14:1 phase. With increasing Dy~2~O~3~ content, the cell shrinkage became serious, presenting lower values of the lattice parameters. Regarding the sample with Dy~2~O~3~ and Ca as co-dopants, the total volume shrinkage of about 0.0048 (nm^3^) was above the sum of the values for 2 wt% Ca (0.0008 nm^3^) and 7 wt.% Dy~2~O~3~ (0.0032 nm^3^) as single dopants, implying that the Ca promoted the shrinkage due to more Dy entrance into 2:14:1 phase.Fig. 1**a** XRD patterns of samples annealed at 700 °C; **b** enlarged XRD patterns with slow scanning from 37° to 45°; **c** lattice parameters *a*, *c*, and cell volume for the samples

The thermal magnetic behavior of the samples was investigated to further clarify the dopant occupation in the 2:14:1 matrix phase. Figure [2](#Fig2){ref-type="fig"} shows the variation in magnetization of samples annealed at 700 °C as a function of temperature from 300 to 700 K, in which the magnetic field of 2 T was applied to saturate the magnetic moment. On heating the samples, the ferromagnetic-paramagnetic phase transition of 2:14:1 phase took place at the Curie temperature (*T* ~*C*~). As indicated in Fig. [2](#Fig2){ref-type="fig"}, *T* ~*C*~ was slightly increased from 551.5 to 557.3 K after doping with Dy~2~O~3~, but it exhibited a significant increase from 551.5 to 564.5 K with Ca dopant. There is a slight further increase in *T* ~*C*~ from 564.5 to 566.1 K after co-doping with Ca and Dy~2~O~3~. These features are consistent with the XRD results, indicating the entrance of Dy or Ca into the lattice of 2:14:1 phase. It was also observed that the temperature of the spin re-orientation varied consistently with the dopants (data not shown here).Fig. 2Magnetization variation of the samples with temperature from 300 K to 700 K

Figure [3](#Fig3){ref-type="fig"} presents typical magnetic hysteresis loops of the samples annealed at 700 °C. The coercivity increased, and the saturation magnetization decreased in the presence of the dopants. The dependence of the coercivity on the annealing temperature is shown in Fig. [4](#Fig4){ref-type="fig"}. With Ca doping, the coercivity of all the samples was slightly enhanced. Dy~2~O~3~ dopant was also helpful for improving the coercivity. On doping with 7 wt.% Dy~2~O~3~, the coercivity increased from 2.44 to 7.65 kOe when the sample was annealed at 700 °C. Although the 2.3 wt.% Ca as a single dopant did not contribute a large enhancement of coercivity (about 1.2 kOe), Dy~2~O~3~ and Ca as co-dopants caused more significant enhancement of coercivity (about 9.1 kOe) than the total effect of each individual dopant (about 6.3 kOe), as shown in Fig. [4](#Fig4){ref-type="fig"}.Fig. 3Room temperature magnetic performance of the samples annealed at 700 °C. The black arrow indicates a region of strong domain pinning Fig. 4Coercivity of the samples as a function of the annealing temperature

The co-doped sample annealed at 700 °C, which presented the highest coercivity, was selected for the microstructural observations, as shown in Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}. Figure [5a](#Fig5){ref-type="fig"} presents a bright field TEM image, which exhibits a nanocrystalline structure (inset: corresponding selected area diffraction pattern). In addition, there are some coarse grains embedded within the matrix. Scanning TEM (STEM) mode was selected to detect the chemical information. Figure [5](#Fig5){ref-type="fig"} presents the STEM image, in which dark coarse grains appear, dotting the sample. Through energy dispersive spectroscopy (EDS) analyses, it could be shown that the dark coarse grains contain high fractions of Dy and Ca compared with the other regions, as listed in Table [1](#Tab1){ref-type="table"}. Note that the contents of oxygen and boron are not included in Table [1](#Tab1){ref-type="table"} because there is less EDS accuracy for the light elements. A further characterization of the elemental chemistry was carried out by point detection in EDS along one coarse grain, as shown in Fig. [6](#Fig6){ref-type="fig"}. Figure [6b](#Fig6){ref-type="fig"} presents the elemental concentrations at each detected site. It is clear that there is a Dy-rich region containing less Ce and La.Fig. 5**a** Bright field TEM image of the RE~13.6~Fe~78.4~B~8~ with 7 wt.%Dy~2~O~3~ and 2.3 wt.%Ca co-dopants (inset: selected area diffraction pattern); **b** STEM image showing the dark coarse grains Fig. 6**a** Point detection by EDS on RE~13.6~Fe~78.4~B~8~ sample co-doped with 7 wt.%Dy~2~O~3~ and 2.3 wt.%Ca, and **b** elemental concentration of each detected site Table 1EDS results from points 001 and 002 in Fig. [5](#Fig5){ref-type="fig"}b of RE~13.6~Fe~78.4~B~8~ with 7wt.%Dy~2~O~3~ and 2.3wt.%Ca co-dopantsElement (at.%)CaFeLaCePrNdDyPoint 00112.4772.703.405.961.061.852.56Point 0027.3277.683.736.920.812.121.42Note that the concentrations of oxygen and boron are not included because there is less EDS accuracy for the light elements

As shown in Fig. [5](#Fig5){ref-type="fig"}, the coercivity can be enhanced by doping with Ca or Dy~2~O~3~. The co-dopants Ca and Dy~2~O~3~ give a strong improvement in comparison to each single dopant alone. It can be seen that the initial magnetic curve of the co-doped sample exhibits a mixed mechanism of nucleation and domain wall pinning, as indicated by the arrow in Fig. [3](#Fig3){ref-type="fig"}. When the applied field is under 5 kOe, the initial magnetic curve of the co-doped sample presents the features of the nucleation mode; after the external field is higher than 5 kOe, the reversal of magnetic domains becomes difficult, showing the feature of domain wall pinning. In terms of the microstructural observations, there were some coarse grains with a high concentration of Dy element (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}), which could act as pinning sites due to the high magnetocrystalline anisotropy.

XRD analysis shows that doping with Ca shrank the *a*-axis parameter and expanded the *c*-axis parameter, while doping with Dy~2~O~3~ shrank both the *a* and the *c* axis parameters (Fig. [1c](#Fig1){ref-type="fig"}). Shrinkage of both the *a* and the *c* axis parameters occurred for the sample with the co-dopants. The Pearson's metallic radius of Dy (0.1773 nm) is smaller than for La (0.1877 nm), Nd (0.1821 nm), and Pr (0.1828 nm) \[[@CR23]\]. Thus, shrinkage of the unit cell of RE~2~Fe~14~B takes place with increasing amounts of Dy. The Ca prefers to replace the RE atoms due to its large metallic radius (0.1773 nm) \[[@CR23]\], causing the expansion of the *c*-axis parameter. Nevertheless, the cell volume of RE~2~Fe~14~B was reduced due to the shrinkage of the *a*-axis parameter after doping with Ca. In contrast to the sample with 7 wt.% Dy~2~O~3~, the shrinkage of both *a* and *c* appeared after additional doping with Ca, rather than the shrinkage of the *a* parameter alone, as in the case of Ca single doping.

As reported previously, the high energy mechanical milling caused a partially amorphous alloy, and re-crystallization behavior took place in the milled alloys during the post-annealing at relatively low temperature \[[@CR22]\]. According to the Standard Electrode Potentials \[[@CR24]\], Ca (−2.868 V) has a lower potential than the rare earth elements involved in this work, while Dy (−2.295 V) has the highest potential among the rare earth elements. Making use of the chemical potential differentials, a reduction-diffusion process between Ca and the rare earth oxides took place in the fabrication of the rare earth permanent magnets \[[@CR20], [@CR21]\]. Thus, a reductive reaction would occur between the Ca and Dy~2~O~3~ during the mechanical milling and post-annealing. The reduced Dy atoms can take part in the recrystallization of RE~2~Fe~14~B phase, suggesting that the Ca could enhance the entrance of Dy into the 2:14:1 matrix rather than its own entrance. In addition, this local reductive reaction could promote elemental diffusion and mobility, resulting in the formation of some coarse grains, as shown in Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}, which contain high amount of Ca and Dy. Therefore, the coercivity was significantly enhanced for the co-dopants due to the significant increase in magnetocrystalline anisotropy originating from more Dy in the 2:14:1 phase. A better magnetic performance could also be expected if the trace CaO could be removed.

Conclusions {#Sec4}
===========

The coercivity of a RE~2~Fe~14~B-based permanent magnet, with the RE content coming from an industrial mixed alloy of highly abundant rare earth elements (RE~100~ = La~30.6~Ce~50.2~Pr~6.4~Nd~12.8~), was significantly enhanced from 2.44 kOe to 11.43 kOe through doping with Dy~2~O~3~ and Ca. Based on the variations in the lattice parameters, it could be deduced that Ca promotes the entrance of Dy into 2:14:1 phase due to its reducing effect on Dy~2~O~3~. This work proposes a way to fabricate high-coercivity permanent magnets with a high concentration of highly abundant rare earth elements.
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